Cellulose is probably the most abundant organic compound occurring in nature, where it plays an all-important role in building up the skeletal framework of the plant cell wall. The accepted molecular structure of cellulose represented as re peating units of cellobiose was derived by chemical methods which I have pre viously summarized , and the constitution so assigned has received support in a remarkable way by the X-ray studies of Sponsler and Dore and of Meyer and Mark. The skeleton chain of cellulose can be illustrated by the model shown in figure 1 , where four ft-glucopyranose units are assembled side by side, such an arrangement being repeated many times to give a long extended chain structure. The arrangement is perfectly symmetrical since the hexagons are linked through the 1 :4-positions, and the side chains, representing the primary alcohol groups a t C6 of the glucose residues, He alternately above and below the axis of the main chain. In this representation each alternate hexose is rotated through 180° so th a t deviation from the linear structure is almost completely obviated. The constitution is in keeping with the fact th at cellulose occurs in fibrous form and is highly resistant to solvent action and to chemical attack. I t is suggested th a t there are possibly some infrequent points of bonding between adjoining chains to provide a kind of cross-linkage.
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Cellulose is probably the most abundant organic compound occurring in nature, where it plays an all-important role in building up the skeletal framework of the plant cell wall. The accepted molecular structure of cellulose represented as re peating units of cellobiose was derived by chemical methods which I have pre viously summarized , and the constitution so assigned has received support in a remarkable way by the X-ray studies of Sponsler and Dore and of Meyer and Mark. The skeleton chain of cellulose can be illustrated by the model shown in figure 1 , where four ft-glucopyranose units are assembled side by side, such an arrangement being repeated many times to give a long extended chain structure. The arrangement is perfectly symmetrical since the hexagons are linked through the 1 :4-positions, and the side chains, representing the primary alcohol groups a t C6 of the glucose residues, He alternately above and below the axis of the main chain. In this representation each alternate hexose is rotated through 180° so th a t deviation from the linear structure is almost completely obviated. The constitution is in keeping with the fact th at cellulose occurs in fibrous form and is highly resistant to solvent action and to chemical attack. I t is suggested th a t there are possibly some infrequent points of bonding between adjoining chains to provide a kind of cross-linkage. I t will be apparent from the above model th at the constitution of cellobiose is the important factor in deciding the structure of cellulose, and this crystalhne disaccharide can readily be obtained from it by acetolysis methods. I t has been my endeavour to support the constitutional studies of this fundamental repeating [ 1 1 1 unit by simple direct synthesis, a result which has now been attained by three of my colleagues (Stacey, Smith & Gilbert 1944) . The sodio-derivative of 1 :2 :3 :6-tetra-acetyl glucopyranose was condensed with a-acetobromo-glucose (figure 2) in the liquid state, thereby forming crystalline octa-acetyl cellobiose which could be smoothly de-acetylated to cellobiose. An earlier and ingenious synthesis of cellobiose had been reported (Haskins, Hann & Hudson 1942) ; but th a t which I have outlined above is the more direct,, and both syntheses furnish a convincing proof of its constitution and of its recognition as glucopyranose-1:4-/?-glucopyranose. A notable synthesis of cellulose from glucose, using the micro-organism Acetobacter Xylinum, has been achieved by Hibbert (1931) .
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-0. Starch, which functions as a food reserve in plants, and glycogen, an energy source in animals, contain the disaccharide maltose as a repeating unit corre sponding to the repeating unit of cellobiose in cellulose. Maltose and cellobiose are identical in structure but not in configuration, maltose being glucopyranose-1:4-a-glucopyranose. N atural starch, prepared from a variety of sources, contains two different polysaccharides, namely, amylose (20 %) which gives a deep blue coloration with iodine, and amylopectin (80 %), giving a reddish coloration under the same conditions of test. Various methods are available for the separation of these two components, a suitable one being the butyl alcohol fractionation devised by Schoch (1942) ; but new and less complex methods of separation have recently been devised by my co-workers. I t is now, indeed, a comparatively simple pro cedure to obtain either component in the pure state. As already described, amylose is a long-chain component (Hassid & McCready 1943) , while amylopectin consists of highly aggregated or branched short chains, a comparison of their properties being shown in the table (figure 3) from a publication by R. W. Kerr. An outstanding achievement of recent years has been the study of the enzyme systems concerned in the orderly breakdown of starch to glucose-1-phosphate and the resynthesis of amylose from this product by the same agency (Hanes 1940) . This has revealed the mechanism of the biological synthesis of a starch poly saccharide from glucose. Synthetic amyloses produced from glucose-1-phosphate by the potato phosphorylase of Hanes and by the muscle phosphorylase of Cori & Cori (1939) have properties remarkably similar to those of natural amylose. They are completely hydrolysed to maltose by the agency of /?-amylase and their molecular structure (Haworth, Heath & Peat 1942) can be represented by a chain of more than 100 a-glucopyranose members linked as in maltose a t the 1:4 positions, a portion of such a chain being portrayed in figure 4. I t is possible th at the chain exists in the form of a helical structure of the type modified by Hanes (1937) (figure 5) from my own studies of the geometric arrangements of six glucopyranose residues which close to form a ring. (This closed ring formula probably represents one of the Schardinger dextrins.) Such a helical structure is also envisaged for the starch-iodine complex (Rundle & French 1943) , where each iodine molecule occupies the interior of one coil made up of six glucopyranose members in the continuing convolution of the helix. Under certain experimental conditions the spiral may uncoil to give an extended chain structure.
Sharply distinguished from amylose is the major component of starch: amylo pectin. As an approximation to the strue+ure of amylopectin we have evolved the
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concept' of a branched chain or laminated formula. In this the short basal chain, which is the repeating unit, consists of twenty glucose members linked together as in figure 4, these chains being joined in the manner shown diagrammatically in figure 6 , where the arrow-heads represent the polymeric linkages. The nature of these linkages is not yet fully understood, but there is reasonable evidence to show th at primary valencies are involved and th a t these are of the 1 :6-glucosidic type. 1 The laminated structure serves well to explain certain facts concerning the amylolytic degradation of amylopectin (Haworth, Kitchen & Peat 1943) (figure 7). Under the action of /?-amylase this component of starch yields maltose and a limit dextrin, 'dextrin-A', which is not further attacked by /?-amylase until it has been 'sensitized' by brief contact with salivary amylase. Thereafter the action of /?-amylase continues until a second resting stage is reached, giving £dextrin-B'.
This dextrin-B is not attacked by /?-amylase even after sensitization with saliva, bu t it is attacked by longer contact with salivary amylase, giving maltose and a 'dextrin-C'. The latter is slowly hydrolysed by pancreatic amylase to ' dextrin-D '. The lengths of the branching chains in dextrins B, C, D are 7-8, 5-6, and 4-5 glucose members respectively. I t seems clear th a t the impediment to /?-amylase action is represented by the polymeric linkages mentioned above. Further, the polymeric linkages are broken by a yeast glucosidase (Meyer 1940) and by an enzymic constituent of saliva and of m alt a-amylase. I t has been postulated th a t by some as yet unrecognized agency the liberated chains immediately recombine with the formation of new polymeric linkages having a different orientation in the respective chains ( figure 8 ). This may conceivably be effected by a 'Q '-enzyme of the type mentioned below.
Glycogen has many relationships to starch. I t gives rise to maltose by enzymic action and its structure is represented by a chain of twelve a-glucopyranose mem bers united by lateral linkages to form a laminated structure similar to th a t of amylopectin. Thus in figure 6 (above) the curved lines indicate the limits of shorter glycogen chains. Although composed of shorter chain units, glycogen has a mole cular weight of from one to two millions, higher than th a t of starch. I t gives a reddish or orange coloration with iodine. Neither starch nor glycogen has the complete symmetry of structure exhibited by cellulose. The mechanism of the synthesis of a starch polysaccharide by enzymes is of absorbing interest. I t is emphasized th a t these synthetic products prepared vitro reveal th a t they are very similar to amylose. There are, however, indications th a t other polysaccharides closely related to glycogen can be synthesized by a liver extract which contains phosphorylases. Latterly, the endeavour in my laboratory to achieve the synthesis of both components of natural starch has given reasonable proof of the synthesis of amylopectin by another agent described as the ,£Q '-enzyme to be found in potato. The product obtained by Bourne, Haworth & Peat (1944) has been studied in some detail and has many properties in common with amylopectin (figure 9). Its repeating chain-unit is composed of'tw enty aglucopyranose members, and the polysaccharide behaves towards /?-amylase exactly as does amylopectin.
Cori and his colleagues, who have devoted much care to the study of animal phosphorylases, have obtained muscle phosphorylase in crystalline form. I t is of singular interest th a t this enzyme requires the nucleotide adenylic acid as a co enzyme, and the effect on the substrate, glucose-1-phosphate, is the production of an amylose. Liver phosphorylase appears to synthesize a product more closely resembling glycogen.
The importance of hexose phosphates in carbohydrate metabolism has long been known, and their significance as substrates for polysaccharide formation is apparent. Other sugar phosphates, e.g. ribose phosphates, present in nucleic acids and co enzymes, are of high biological significance, and different substituent groups, such as sulphate, may also play im portant roles in biological synthesis (see figure 10) . Indeed, Jones & Peat have made an interesting speculation on the p art played by galactose-1-sulphate in the formation of the polygalactose, agar-agar. The structure of this constituent of a seaweed, of value in bacteriology and industry, has been worked out by Percival and by Peat and their co-workers (Percival and co-workers 1937, 19395 Jones & , Peat 1942) . H HO
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Almost every type of micro-organism possesses enzyme systems which can syn thesize polysaccharides, although little is known of these enzymes or of the sub strates they utilize. The polysaccharides may act as a cell food reserve, they may form cell-building material, or they may have the function of a protective cell capsule where the filmy outer layer consists of the capsular polysaccharide. When isolated by cautious methods most bacterial polysaccharides possess highly specific physiological properties; they contain hexuronic acids and amino-sugars as con stituent units. The nature of the bacterial capsular substance is best exemplified in the Pneumococcus group. An extended study initiated by the discoveries of Avery and Heidelberger a t the Rockefeller Institute, and occupying more than two decades, has resulted in the differentiation of about forty different types of Pneumococcus. The distinction between each type is measured by serological methods and is due to differences in the chemical composition of the capsular polysaccharide. The properties of a few of these polysaccharides are illustrated in figure 11 . Of these the type I I I polysaccharide has been subjected to thorough structural investigation by W. F. Goebel and his colleagues, who have represented the constitution as th a t of a condensed system of cellobiuronic acid units mutually linked through Cx of one glucose member with C3 of the adjoining glucuronic acid member of another unit (figure 12).-Goebel (1936) was able to isolate cellobiuronic acid from the type I I I polysaccharide, and he showed the capacity of this aldobionic acid to determine serological specificity. Preparing p -aminobenzy 1 /?-cellobiuronide (figure 13), he coupled this by means of the diazo-reaction with normal horse-serum globulin. Using the complex as an antigen (Goebel 1940) he showed th a t it could confer active and passive immunity on mice not only against type I I I pneumococcal infection but against types I and II infections as well.
Since degraded products prepared from gum arabic give cross-reactions with pneumococcal antisera (Heidelberger, Avery & Goebel 1929) , the aldobionic acid from this plant gum was prepared some years ago in my laboratory and its structure was determined (Challinor, Haworth & Hirst 1931) . I t is formulated as glucuronic acid-1:6-galaetopyranose and this constitution has been confirmed by synthesis (Hotchkiss &' Goebel 1936) .
The htxuronic acid constituent of aldobionic acid consists simply of a hexose in which the primary alcohol group a t Ce has been oxidized to a carboxyl, those com monly occurring being glucuronic acid (from plant and bacterial gums), galacturonic acid (from pectin) and mannuronic acid (from alginic acid). The complexity of the problems confronting the chemist who is investigating the constitution of the gum polysaccharides is well illustrated by the constitution ultimately assigned to the repeating unit in gum arabic (figure 14) by my colleague, Dr F. Smith, and by the researches of Hirst on other plant gums.
The relationship between serological specificity and chemical'Structure in the carbohydrate group, as shown by the reaction of pneumococcal antisera with plant gums and aldobionic acid (Marrack 1941), has received further support from the work of Heidelberger & Hobby (1942) . These investigators showed that any oxy-cellulose could react in high dilution with Pneumococcus antisera types I I I and V III. Interesting also in this connexion is the work on the capsular polysaccharide from Rhizobium radicicola (Clover strain). This non-pathogenic nitrogen-fixing organism lives in .symbiosis with Leguminosae. Its mucilaginous capsular material, isolated as a thread-like substance, probably has the function of a defence mechanism against soil protozoa, and can readily be synthesized in artificial culture. I t reacts in high dilution with type I I I Pneumococcus antiserum. Its constitutional com ponents are shown in figure 15 and its relationship to the type I I I polysaccharide is apparent (Stacey & Schluchterer 1945) . 
Figure 16
Another kind of capsular material is th a t produced from sucrose by smooth strains of Betacocci ( L e u c o n o s t o cs pecies) and by strains of Betabacteria, colon of which on agar plates have the unusual appearance shown in figure 16 (see Mayer 1938) . The capsular material encrusting the, colonies is composed of a poly glucose which is described as a dextran and it possesses a high dextro-rotation.
The structure which has been determined for the dextrans as a class is th a t of an extended chain in which the a-glucose members are linked through the 1 :6-positions (figure 17) (Peat, Schliichterer & Stacey 1939) . The dextran from L. dextranicum has a chain length of c. 200 glucose units (Stacey & Daker 1939) , th a t from Betabact. vermiforme has a shorter chain length, while th a t from L. mesenteroides prepared by H ibbert has a branched chain structure.
Figure 18
A dextran structure has been assigned to luteose, a polyglucose produced from glucose by the mould Penicillium luteum ( (Anderson, Haworth, Raistrick & Stacey 1939) . In this extended chain formula (figure 18) gentiobiose (glucose-1 :6-/?-glucose) is the repeating unit. This disaccharide has recently been syn thesized in high yield by my colleagues Stacey and Smith, who employed a method analogous to th a t outlined above for cellobiose. Dextrans have been synthesized directly from sucrose by means of cell-free enzymes (Hehre & Sugg 1942; Stacey 1942 ) but the mode of synthesis is not yet understood. Only the glucose portion of the sucrose molecule is utilized and it is not clear if phosphory lation processes are involved.
Amino-sugars occur widely in nature as constituents of biologically important polysaccharides. A typical example is the chitin of Crustacea and insects, and here the polysaccharide functions as a building material of great strength and stability.
Some bacterial polysaccharides, although protein-free, have a nitrogen content which is often appreciable and is due entirely to the presence of amino-sugar constituents, usually glucosamine (figure 19). Only two naturally occurring aminosugars are known; these are chitosamine or glucosamine (2-amino-glucose), and chondrosamine (2-amino-galactose) (figure 20). The constitution of glucosamine was determined by chemical methods (Haworth, Lake & Peat 1939 ) and the con figuration of the amino-group on C2 was confirmed independently by my colleagues Cox & Jeffrey (1939) who, using the X-ray method, were able to determine accurately the atomic positions in glucosamine hydrobromide without reference to previous stereochemical assumptions. The results proved th a t glucosamine is a glucose and not a mannose derivative. The decision th a t chondrosamine is a galac tose and not a talose derivative has just been achieved in th a t it is now shown by Stacey and his co-workers to be 2-amino-galaetopyranose. I t gives a series of derivatives analogous to those in the glucosamine series (Stacey 1944) . Carbo hydrates containing both amino-sugars and hexuronic acids, with other sub stituents, are often found naturally in firm combination with proteins. These complexes have high physiological significance and constitute the muco-polysaccharides and muco-proteins. A classification of them is shown in figure 21 , which has since been modified by Stacey (1943) from the earlier classification by K arl Meyer (1938) . Their physiological function is dependent upon the combination of carbohydrate and protein. Work on this subject by distinguished pioneers (Boivin & Mesrobeanu 1934; Raistrick & Topley 1934) has been continued and advanced, and from Bad.
typhosum it is possible by means of guanidine salts and other agents to separate the essential immunizing somatic antigen of the cell (Haworth, Jenner, Stacey & Wilson 1938) . As shown in figure 22 hydrolytic breakdown of the complex separates a toxic from a specific component. The latter compound is a poly saccharide composed of glucosamine, mannose and galactose units saccharides exist in other organisms of the Salmonella group (Topley and co workers 1937; Morgan 1937) . The carbohydrate residues constituting the prosthetic groups (the function of which is unknown) in proteins have properties similar to the somatic bacterial polysaccharides, and they all appear to contain glucosamine residues. Ovomucoid from egg protein contains as much as 70 % of this consti tuent, and the structure of this typical muco-protein has been studied in some detail (Stacey & Woolley 1940 , 1942 . All the glucosamine units are acetylated a t the nitrogen atom and are present as terminal residues giving the unique, highly branched chain structure shown in figure 23 . I t will be seen from the table in figure 21 th a t some muco-polysaccharides contain sulphated sugar residues in addition to uronic acids and amino-sugars. Some interesting groupings are found in these compounds, the individual units of which may be regarded as types of amino-acid. From hog gastric mucin a neutral poly saccharide having the properties of the specific Blood Group A factor has been shown to contain sugar components identified, in the form of their methylated derivatives, as Z-fucose, glucosamine, mannose and galactose. From cartilaginous tissue chondroitin sulphate has been prepared (Bray, Gregory & Stacey 1944 ). This complex carbohydrate, the only known source of chondrosamine, functions as one of the body plastics and it has been shown by K arl Meyer (1938) th a t it can form salts with proteins such as edestin to reconstitute fibres closely resembling those found in connective tissue. A methylated degraded chondroitin has been examined in my laboratory and one is able to picture the repeating unit in chon droitin as being of the type shown in figure 24, while the fibrous tissue itself is probably constituted along the lines shown in figure 25 .
Heparin, the blood anticoagulant of the body, contains glucosamine, glucuronic acid, and sulphate residues. On the basis of analytical studies of a crystalline barium heparinate Wolfrom and his co-workers (1943) have postulated structures of the kind shown in figure 26 .
The firm resistance of heparan to acid hydrolysis, and the apparent absence of acetyl residues have led Wolfrom to suggest th a t some of the glycosidic linkages engage the nitrogen atoms. In all other instances the naturally occurring aminohexoses have acetyl residues attached to the amino-groups.
Polymers containing pentose sugars occur chiefly in the hemicellulose group, but one of the most im portant members of the pentose series, d-ribose, occurs in CO O H ch2 oso3 h cooh the furanose form in the highly complex nucleic acids. Two types of these, the ribo-and the desoxyribo-nucleic acid, are recognized as being of high significance in cell generation and metabolism. The tentative structures suggested by Levene must merely be regarded as first approximations. Recent investigations on yeast and on some gas gangrene bacilli (Henry & Stacey 1943 ) have revealed th a t ribo nucleic acid forms an essential constituent of the gram-positive complex. Thus when gram-positive Cl. welchii cells (figure 27) are extracted by sodium cholate they assume the appearance of gram-negative cells (figure 28), but the gram positive character can readily be restored (figure 29) by depositing th'e magnesium salt of ribo-nucleic acid on the stripped cells. Certain organisms such as Strepto coccus (shown growing in the smooth phase, figure 30 ) in the living stage can be made to assume a gram-negative character by starving the organisms of mag- nesium. At the same time the colonies change to a rough phase (figure 31). This rough phase indicates not only a lack of ribo-nucleic acid but also a failure of the organism to synthesize its capsular polysaccharide. Both constituents can be restored by subculturing the rough organism on the magnesium-rich medium.
In the case of Streptococcus salivarius and related streptococci such as S. viridans, the capsular material consists mainly of the polyfructofuranose known as levan. Levans are synthesized only from sucrose and raffinose by a wide variety of micro organisms, such as the plant pathogens or their extracellular enzymes. The in dividual polysaccharides differ markedly in their physical characteristics but the studies of Stacey have shown th a t they all possess the same repeating unit, an extended chain of fructofuranose residues finked through the 2 :6-positions (figure 32). They thus appear to be similar to the plant levans, and differ therefore from inulin which possesses a chain of fructofuranoses linked through positions 1 and 2 (figure 33).
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The purpose of my lecture has been to demonstrate the wide significance of polysaccharides in the multitudinous variety of problems confronting the chemist and the biologist, and to direct attention to the rich fields which await cultivation by future endeavour.
